Cardiac sarcoidosis (CS) can cause sudden death, which is the leading cause of mortality in patients with sarcoidosis in Japan. However, it is difficult to diagnose CS because of the lack of a sensitive diagnostic method for the condition. Late gadolinium-enhanced cardiac magnetic resonance (MR) imaging demonstrates improved sensitivity for diagnosing CS. Therefore, it is important to know the late gadolinium-enhancement (LGE) characteristics of CS on cardiac MR images in order to diagnose CS accurately. In this study, we investigated the most common sites of LGE on cardiac MR images in CS. Late gadolinium-enhanced MR images of 9 consecutive patients with CS (obtained between August 2009 and July 2015) were reviewed by two radiologists. The distribution of LGE was evaluated using the American Heart Association 17-segment model of the left ventricle. The LGE in each segment was also classified into 4 patterns according to the myocardial layer in which it occurred (the subepicardial, subendocardial, intramural, and transmural layer patterns). All 9 patients exhibited LGE in their left ventricle, and 70 of 153 (46%) myocardial segments were enhanced. All of the patients displayed LGE in the basal septal wall. The patients' LGE layer patterns were as follows: subepicardial: 40% (28/70), intramural: 30% (21/70), subendocardial: 16% (11/70), and transmural: 14% (10/70). The basal septum wall and subepicardial layer often exhibit LGE on cardiac MR images in CS patients. LGE can be observed in other segments and layers in some cases.
INTRODUCTION
Sarcoidosis is a multisystem disease that is histologically characterized by the formation of non-caseating granulomas in various organs. Cardiac sarcoidosis (CS) can be almost asymptomatic; however, it is a life-threatening disorder that can cause fatal ventricular tachyarrhythmia, conduction disturbances, left ventricular dysfunction, and sudden death. 1) Although cardiac involvement is only clinically diagnosed in about 5% of patients with systemic sarcoidosis, 2) the incidence of autopsy-proven sarcoidosis involving the myocardium ranges from 13-27% 1) and is especially high in Japan.
3) CS-related death is the leading cause of mortality in patients with sarcoidosis in Japan. 3, 4) Myocardial biopsy, which is considered to be the gold standard method for detecting CS, is highly specific, but it is invasive and exhibits poor sensitivity (the diagnostic yield can be as low as 19%) because of the patchy nature of the disease. 5) Non-invasive imaging techniques, such as echocardiography and nuclear medicine scans, such as thallium-201 ( 201 Tl) and gallium-67 ( 67 Ga) scintigraphy, have been used to detect CS, but with limited success. Recent studies have suggested that fluorine-18 fluorodeoxyglucose positron emission tomography ( 18 F-FDG PET) might be useful for diagnosing CS. [6] [7] [8] However, this method is expensive, only available at a limited number of facilities, and involves a lengthy pretreatment process (e.g., it requires prolonged fasting). Thus, the antemortem diagnosis of CS is difficult because of the lack of a sensitive diagnostic method.
The use of late gadolinium enhancement (LGE) during cardiac magnetic resonance (MR) imaging is a relatively new technique that allows the visualization of minute amounts of myocardial scarring and fibrotic tissue. 9) Diagnostic methods based on detecting LGE on cardiac MR images have demonstrated improved sensitivity for diagnosing CS. [10] [11] [12] The presence of LGE on cardiac MR imaging was added as a minor criterion to the 2006 revision of the Japanese Ministry of Health and Welfare (JMHW) guidelines for sarcoidosis, 13, 14) which are used as consensus criteria for the diagnosis of CS. It has been reported that in CS LGE is most commonly seen on the right ventricular side of the basal septal wall; 12) however, the site of LGE can vary from case to case, which makes it difficult to distinguish CS from other diseases, such as ischemic heart disease, myocarditis, and dilated cardiomyopathy. In CS, early diagnosis and the use of corticosteroids can improve atrioventricular block 15) and survival; 16) therefore, it is important to diagnose CS accurately. Knowledge of the characteristic LGE features of CS on cardiac MR imaging would aid this.
In the present study, we investigate the sites at which LGE was seen on cardiac MR images of the CS patients treated at our hospital.
MATERIAL AND METHODS
Our institutional review board approved this retrospective study and waived the requirement to obtain informed consent from the patients.
Patient selection
From February 2009 to July 2015, 21 consecutive patients underwent cardiac MR imaging under a suspicion of CS at our hospital. Their clinical data were obtained from the medical records at our hospital. Nine of the 21 patients fulfilled the diagnostic criteria outlined in the guidelines for CS developed by the JMHW, including the minor criterion regarding cardiac MR imaging (histological diagnosis group n=2, clinical diagnosis group n=7). The other patients, who were excluded from this study, were diagnosed with dilated cardiomyopathy (n=4), hypertrophic cardiomyopathy (n=1), arrhythmia of unknown cause (n=3), or heart failure of unknown cause (n=2) or did not fulfill the diagnostic criteria for CS (n=2). We studied the late gadoliniumenhanced MR images of the 9 patients. All 9 patients also underwent coronary angiography. One patient (patient No. 5) exhibited right coronary artery occlusion, but the others had normal coronary arteries.
MR protocol
Cardiac MR imaging was performed with a 1.5-T MR imaging scanner (MAGNETOM Avanto or MAGMETOM Aera, Siemens, Erlangen, Germany). An 8-channel phased-array body coil was used in all examinations. To evaluate the anatomy of the left ventricle, cine images and black blood T2-weighted images (short-axis slices from the base to the apex of the left ventricle and a cross-sectional long-axis view scan) were obtained. Ten minutes after the administration of 0.1 mmol/kg of the gadolinium-based contrast medium, MR images (contiguous 8-mm short-axis slices from the base to the apex of the left ventricle) were obtained using a breath-holding electrocardiogram-gated two-dimensional phase-sensitive inversion recovery (PSIR) sequence (repetition time: 700-1188.8 ms, echo time: 1.2-3.4 ms, inversion time: 300-700 ms, flip angle: 25°-45°, matrix: 127-156/256, field of view: 233-276/340 mm). 17) An additional cross-sectional long-axis view scan was also acquired.
Image assessment
Two cardiovascular radiologists (with 4 and 11 years' experience, respectively), who were blinded to the patients' clinical findings assessed the late gadolinium-enhanced cardiac MR images by consensus. Short-axis slices and a cross-sectional long-axis view scan were available for 8 cases, whereas only short-axis slices were available in one case (patient No. 2).
LGE was considered to be present when the signal intensity of the target myocardial segment was greater than 6 standard deviations (SD) stronger than the remote normal myocardial signal. 18) The American Heart Association developed a 17-segment model of the left ventricle, 19) and the extent of LGE was evaluated in each of the 9 patients' 153 cardiac segments. In addition, the LGE in each segment was visually classified into 4 patterns depending on the myocardial layer in which it occurred (the subepicardial, subendocardial, intramural, and transmural layer patterns). Table 1 summarizes the patients' clinical characteristics. The patients were predominantly elderly (60.8±9.8 y.o.) and female (n=9, 100%). The other organs that exhibited involvement included the lymph nodes (n=8, 89%), lungs (n=6, 67%), eyes (n=5, 56%), and skin (n=3, 33%). The symptoms exhibited by the patients were as follows: no symptoms (n=4), dyspnea (n=3), slow pulse (n=1), and palpitations (n=1). Table 2 summarizes the segments and myocardial layers that exhibited LGE on cardiac MR images in each patient. LGE was found in each case regardless of the perfusion area of the coronary arteries (Fig. 1) . Among the 9 patients' 153 myocardial segments, LGE was observed in 70 (46%) segments (Fig. 2) . All of the patients exhibited LGE in the basal septal wall (segment #2 and/or #3). The layer patterns of the 70 enhanced myocardial segments were classified as follows: subepicardial: 40% (28/70), intramural: 30% (21/70), subendocardial: 16% (11/70), and transmural: 14% (10/70). #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 
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DISCUSSION
In this study of consecutive patients who underwent cardiac MR imaging and fulfilled the diagnostic criteria outlined in the guidelines for CS developed by the JMHW, all of the patients exhibited LGE.
LGE was detected at various sites, but was seen in the basal septal wall (segment #2 and/or #3) in all cases. Subepicardial layer patterns of LGE were more common than subendocardial layer patterns.
It has been reported that cardiac MR images display LGE in patients with CS. 10, 12, [20] [21] [22] Smedema et al. detected LGE on cardiac MR images in 19 of 58 patients with sarcoidosis, mainly in the basal and lateral segments. 12) Tadamura et al. reported that LGE occurred in the basal septal wall, especially in the right ventricle. 10) In our study, we detected LGE in various segments and layers; however, all of the patients demonstrated LGE in the basal septal wall. Thus, the basal septal wall seems to be the most common site of sarcoid lesions, which corresponds with the findings of a postmortem study of CS patients. 4) With respect to the layer in which LGE was observed, ischemic heart disease causes LGE in the subendocardial and transmural layers due to the flow of blood, and non-ischemic heart disease, including CS, tends to produce LGE in the subepicardial and intramural layers. 22, 23) In our study, the subepicardial and intramural layers patterns were the most common, but subendocardial or transmural LGE was observed in some segments. Interestingly, the sites at which LGE was detected did not correspond to the distribution of the coronary arteries. This information might be useful for distinguishing CS from ischemic heart disease. CS sometimes presents with diffuse dilation of the left ventricle, e.g., in dilated cardiomyopathy (DCM), in which LGE is commonly seen in the intramural layer of interventricular septum. So, the site of LGE is a key difference between CS and DCM. 23) It is important to know the LGE characteristics of CS in order to be able to accurately diagnose the condition.
In our study, we used a PSIR sequence to obtain the late gadolinium-enhanced cardiac MR images. The most widely used cardiac MR imaging method is the inversion recovery sequence with magnitude reconstruction. 10, 12, 20-22, 24, 25) The inversion recovery sequence typically requires the selection of an appropriate inversion recovery time (TI) in order to null the normal myocardial signal and maximize the contrast ratio between the normal and damaged myocardium.
The performance of late gadolinium-enhanced cardiac MR imaging with the inversion recovery sequence depends on the selected TI. An error during TI selection leads to a reduction in contrast, which can reduce the size of the late gadolinium-enhanced area. Some cases (patient Nos. 2, 4, and 8) of CS exhibit broad contrast-enhanced regions (Fig. 3) . In such cases, it can be difficult A B C to select an appropriate TI for the inversion recovery sequence because it is not possible to distinguish the normal myocardium from sarcoid lesions beforehand. The TI-insensitive PSIR sequence is affected less by changes in the optimal TI for the normal myocardium with time. 26) Thus, using the PSIR sequence can reduce the need for optimal null point setting, which might aid the diagnosis of CS. Further studies are needed to determine whether the PSIR or inversion recovery sequence is better for detecting CS. Smedema et al. reported that the sensitivity and specificity of gadolinium-enhanced cardiac MR imaging for sarcoidosis were 100% and 78%, respectively. 12) Patel et al. found that sarcoidosis patients that displayed LGE on cardiac MR imaging had a 9-fold higher rate of adverse events and an 11.5-fold higher rate of cardiac death than patients who did not display LGE. 20) Nadel et al. reported that patients that exhibited CS on cardiac MR suffered a high rate of adverse cardiovascular events, but found that the use of implantable cardioverter-defibrillators reduced the risk of sudden death. 27) Late gadolinium-enhanced cardiac MR imaging for sarcoidosis plays a key role in both diagnostic and prognostic assessments. Therefore, it is important to correctly interpret LGE in patients with sarcoidosis. Information about the sites at which LGE occurs might aid biopsy site selection because LGE is correlated with the locations of fibrous and scar tissue, which are found in sarcoid lesions.
This study has several limitations. First, it involved a relatively small number of patients. Second, although we pathologically confirmed the diagnosis of CS in two cases, we could not in the other cases. In this study, myocardial biopsy was performed in 7 cases, and 2 patients demonstrated positive findings. Myocardial biopsy is the gold standard method for diagnosing CS, but it is a high risk procedure and exhibits low sensitivity for CS. Therefore, other examinations including cardiac MR imaging are important for diagnosing the condition. Third, coronary angiography was performed in all cases, and one patient (patient No. 5) was found to be suffering from right coronary obstruction. Although the latter patient had abundant collateral vessels from the left coronary artery, it is possible that ischemic changes were responsible for the LGE she exhibited. Fourth, we did not employ the inversion recovery sequence in this study; therefore, we could not compare the utility of the PSIR sequence for detecting CS with that of the inversion recovery sequence. Fifth, the minor clinical criteria outlined in the guidelines for CS developed by the JMHW include the presence of LGE on cardiac MR imaging.
CONCLUSIONS
In CS, LGE occurs at various sites in the left ventricle, which vary on a case by case basis, and the most common site of LGE is the basal septal wall. LGE most commonly occurs in the subepicardial and intramural layers in CS patients. However, it can sometimes develop in the subendocardial and transmural layers, and such LGE needs to be distinguished from ischemic heart disease. Therefore, it might be useful to consider the sites at which LGE occurs relative to the distribution of the coronary arteries.
